PERIPHERAL ARTERY DISEASE (PAD) is a consequence of multiple diseases, such as hypertension, diabetes, and hyperlipidemia, and may lead to insufficient blood flow in the distal limbs (25) . Although several options for PAD treatment are available (e.g., pharmacological intervention or surgical revascularization), leg amputation in cases of severe limb ischemia may be required if conventional approaches are unsuccessful. In the last decade and a half, this realization has prompted the investigation of therapeutic angiogenesis as a means to restore blood supply to the ischemic limb. Vascular endothelial growth factor (VEGF) and basic fibroblast growth factor are just two of the several cytokines that participate in the angiogenic process. Accordingly, numerous studies have demonstrated the efficacy of angiogenic growth factor administration in restoring perfusion in patients with PAD and in animal models of tissue ischemia (18, 25) .
Intermedin [IMD, also known as adrenomedullin-2 (AM-2)] is a newly discovered peptide that belongs to the calcitonin/ calcitonin gene-related peptide family and shares ϳ30% amino acid sequence homology with AM (26, 30) . Like AM, IMD is expressed in many organs of the body, including the gastrointestinal tract, pancreas, and lung (3, 26, 30) . Both AM and IMD are also localized in the tissues of the cardiovascular and renal systems and exert their biological actions by stimulation of calcitonin receptor-like receptor/receptor activity-modifying protein complexes (2, 22, 26) . Reports have indicated that IMD peptide administration in rats induces blood pressure reduction, renal blood flow, and cardiac output (7) (8) (9) . Moreover, ischemia-induced cardiac injury is reduced upon IMD peptide treatment (12, 32) . Our recent study demonstrated that IMD gene transfer prevented endothelial cell loss, kidney damage, inflammation, and fibrosis in salt-induced hypertensive rats (10) . Comparable hemodynamic, cardiac, and renal effects have been observed with AM (3, 4) . AM has recently emerged as a powerful angiogenic growth factor (23). Added to the fact that AM and IMD share similar structural, chemical, and biological characteristics and mediate their effects through the same receptor complexes, we hypothesized that IMD may also be angiogenic. Therefore, the aim of this study was to determine the role of IMD on neovascularization of the rat ischemic hindlimb and in cultured endothelial cells.
MATERIALS AND METHODS
Construction of the IMD adenovirus. Adenovirus was generated using plasmids generously supplied by Dr. Mark Kay (Stanford University), according to a method previously described (21) . The plasmid DNA pShuttle was linearized by enzyme digestion at the SmaI site. A bluntend cytomegalovirus (CMV)-IMD-polyA sequence (pA) fragment was obtained by excising the DNA from the pcDNA3.CMV-IMD-pA plasmid (graciously provided by Sheau-Yu Teddy Hsu, Stanford University) and ligated to the shuttle vector. The CMV-IMD-pA transcription unit was released from the shuttle vector by I-CeuI and PI-SceI sequentially. The shuttle insert was then ligated to the adenoviral genome backbone plasmid pAdHM4 cut with the same enzymes. The final construct, pAdHM4.CMV-IMD-4F2-pA, was digested by PacI to release the complete linear adenoviral DNA. The DNA was transiently transfected into HEK-293 cells using Effectene reagent (Qiagen, Valencia, CA) according to the manufacturer's protocol. The resulting virus, adenovirus containing human IMD (Ad.IMD), was serially passaged five times.
Femoral artery ligation and adenovirus administration. All procedures complied with the standards for care and use of animal subjects as stated in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Resources, National Academy of Sciences, Bethesda, MD). The protocol for our animal studies was approved by the Institutional Animal Care and Use Committee at the Medical University of South Carolina. Male Wistar rats (Sprague-Dawley, Harlan, Indianapolis, IN) weighing ϳ200 g were anesthetized by an intraperitoneal injection of 90 mg/kg ketamine and 10 mg/kg xylazine mixture in phosphate-buffered saline (PBS). For femoral artery liga-tion, an incision was made along the inner left hindlimb along the line of the femoral artery and vein, and the proximal end of the femoral artery was tied with 4.0 silk suture (Ethicon, Piscataway, NJ) and electrocauterized. The femoral artery was dissected free from the limb and its peripheral branches. The distal end was severed, and the artery was removed. Each rat received a local injection of Ad.IMD or empty virus (Ad.Null) (1 ϫ 10 10 plaque-forming units/rat in 100 l of 10 mM Tris ⅐ HCl, pH 8.0), divided among four to five injection sites in the adductor and surrounding muscles. All virus injections were administered immediately after surgery. Three weeks after viral delivery, the rats were euthanized with the ketamine-xylazine cocktail. Rat hindlimb skeletal muscle was perfused with PBS followed by formalin and then embedded in paraffin for immunohistochemical staining.
Laser-Doppler imaging. A laser-Doppler blood flow meter (LaserDoppler Perfusion Imager System, Perimed) was used to evaluate the perfusion of both left (ischemic) and right (nonischemic) rat hindlimbs. The perfusion signal is subdivided into six different intervals, each displayed as a separate color. Low or no perfusion is displayed as dark blue, whereas the highest perfusion interval is displayed as red. The stored perfusion values behind the color-coded pixels remain available for data analysis. Excess hair was removed from the hindlimbs using a shaver. Before and during scanning, the animals were placed on a heating pad at 37°C to minimize variations in temperature. After the laser-Doppler images were recorded, the average perfusion values of the ischemic and nonischemic limbs were calculated on the basis of colored histogram pixels. To minimize variables such as ambient light and temperature, the calculated perfusion was expressed as the ratio of ischemic to nonischemic hindlimb perfusion in each animal. Perfusion analyses were performed for three consecutive weeks after surgery.
Immunostaining of capillaries and arterioles. Skeletal muscle tissue sections (4 m) were cut and stained with antibody to CD-31 (PharMingen, San Jose, CA) or ␣-smooth muscle actin (Sigma, St.
Louis, MO) using a Vectastain ABC kit (Vector, Burlingame, CA). Capillaries and arterioles were counted in 10 random fields.
Matrigel implants. Male mice (25 g body wt, Harlan) were subcutaneously injected with 0.5 ml growth factor-reduced Matrigel (BD Biosciences, San Jose, CA) containing 75 ng of human IMD8-47 (Phoenix Pharmaceuticals, Burlingame, CA) or VEGF (Sigma) in the abdomen as previously described (24) . After 7 days, the Matrigel plugs were removed from mice and separated from the skin. The plugs were processed for hemoglobin content using a hemoglobin diagnostic kit (Sigma) or were embedded in paraffin and sectioned (4 m) for Masson's trichrome staining. The blood vessels in the Matrigel implants were counted in 10 random fields.
Cultured endothelial cell migration. Human umbilical vein endothelial cells (HUVECs) were obtained from Clonetics (San Diego, CA) and cultured in endothelial growth medium-2 (Lonza, Walkersville, MD). HUVECs were seeded into 12-well plates and scratched with a 200-l pipette tip. After washing with PBS and replacing serum-free medium with 0.1% FBS, IMD or VEGF (20 ng/ml each) was added to the wells. Twenty-four hours later, the cells were visualized and photographed. Modified Boyden chambers (Sigma) were also used to measure endothelial cell migration. The lower surface of the chambers was coated with a solution of collagen I (10 g/ml) in PBS for 1 h at 37°C and blocked with 1% bovine serum albumin (BSA). The cells were harvested with trypsin-EDTA and washed once with serum-free cultured medium containing 20 g/ml of trypsin inhibitor. The cells (2 ϫ 10 5 ) were added in 200 l of endothelial basal medium-2 (EBM-2; Lonza) containing 0.1% BSA to the upper chamber. IMD (10, 20, or 100 ng/ml) was added to the bottom chamber in the presence or absence of inhibitors (Calbiochem, La Jolla, CA) against nitric oxide (NO) synthase ( for 16 h. In an additional experiment, IMD (20 ng/ml) was preincubated with anti-IMD antibody (50 g/ml; Phoenix Pharmaceuticals) at 37°C for 1 h before the migration assay. The upper surface of the membrane was wiped with a cotton tip to mechanically remove nonmigratory cells. The migrant cells attached to the lower surface were fixed in 4% formalin at room temperature for 30 min and then stained for 20 min with a solution containing 1% crystal violet and 2% ethanol in 100 mM borate buffer (pH 9.0). After being washed, the cells on the lower surface of the filter were counted from six random fields. The migration rate is indicated by the total number of cells per field (400ϫ). Each group was analyzed in duplicate wells in three separate experiments.
Cultured endothelial cell tube formation. Growth factor-reduced Matrigel (BD Biosciences) was added to 24-well culture plates (200 l per well). After polymerization at 37°C for 30 min, the gels were overlaid with a total of 4 ϫ 10 4 HUVECs in 500 l of EBM-2 supplemented with 0.1% fetal bovine serum. The cells were incubated with PBS or 20 ng/ml of IMD in the presence or absence of L-NAME (100 M), PD-98059 (5 M), LY-294002 (10 M), or TKi (10 M) for 24 h. In an additional experiment, IMD was preincubated with anti-IMD antibody at 37°C for 1 h before tube formation assay. Tube images were obtained using an inverted microscope.
Western blot analyses, nitrate/nitrite, and VEGF measurements. The cell lysates of HUVECs were subjected to Western blot analysis for the detection of total and phosphorylated forms of ERK, Akt, and endothelial NOS (eNOS) (Cell Signaling). The nitrocellulose membranes were incubated with secondary antibody conjugated to horseradish peroxidase. Chemiluminescence was detected using an ECLPlus kit (Perkin Elmer Life Science, Boston, MA) and visualized by Kodak X-ray film. The protein concentration was determined by Bio-Rad DC Protein Assay kit (Bio-Rad, Hercules, CA). Nitrate/ nitrite levels (indicative of NO formation) in the culture medium were determined by fluorometric assay as previously described (19) . Human VEGF levels were determined in cell culture medium 24 h after cell stimulation and were measured using a commercial ELISA kit (R&D Systems, Minneapolis, MN).
RT-PCR and real-time PCR.
Total RNA was isolated from rat skeletal muscle using TRIzol reagent (Invitrogen, Carlsbad, CA). Human IMD expression was determined by RT-PCR 5 days after femoral artery ligation. The sequences for the IMD primers were TGT TAT GGG TCA GCC TCT CG (forward) and TGG CTG AGA TTC TGC ACC TGG (reverse). The conditions for PCR and primer sequences were obtained from previously published data (16) . For measuring VEGF and VEGFR-2 mRNA levels, the cells were serum starved overnight and were incubated with IMD (20 ng/ml) for 18 h. Total mRNA was prepared and cDNA was transcribed using a High cDNA Archive kit according to the manufacturer's protocol (Applied Biosystems, Foster, CA). Primers for VEGF and VEGFR-2 were purchased from Applied Biosystems. Real-time PCR analysis was then performed using the TaqMan Gene Expression Master Mix (Applied Biosystems).
Statistical analysis. Data were analyzed by standard statistical methods and ANOVA followed by Fisher protected least significant difference and Bonferroni post hoc tests when appropriate. Group data were expressed as means Ϯ SE. The values of all parameters were considered significantly different at a value of P Ͻ 0.05.
RESULTS
Human IMD expression after gene delivery. Five days after femoral artery ligation and adenoviral injection, skeletal muscle RNA was extracted for RT-PCR analysis. Human IMD expression was detected in rat hindlimbs injected with Ad.IMD but not in rats receiving control virus (Fig. 1A) .
Laser-Doppler perfusion imaging. The ability of IMD gene transfer to augment blood perfusion in the ischemic hindlimb of rats was measured by laser-Doppler imaging (Fig. 1B) . This noninvasive technique allows for multiple time points of blood flow to be assessed. Blood flow continued to increase in the ischemic limbs receiving IMD administration compared with the controls through week 3 in both groups (Fig. 1C) . At week 1, a quantitative analysis showed a significant elevation in blood flow in rats receiving Ad.IMD compared with control rats. At week 3, blood perfusion was almost completely restored to levels of the normoperfused contralateral limb in rats injected with Ad.IMD (96.3 Ϯ 1.9%, surgical vs. contralateral limb), whereas control rats receiving Ad.Null were restored to only 71.1 Ϯ 1.0% of the normoperfused contralateral limb.
IMD gene transfer increases capillary and arteriole density in the ischemic hindlimb. Capillaries and arterioles within skeletal muscle sections were visualized by immunostaining with antibody against CD-31 and ␣-smooth muscle actin, respectively, 3 wk after the induction of hindlimb ischemia. Representative images demonstrated that IMD gene delivery markedly increased both capillary and arteriole immunostaining ( Fig. 2A) . Quantitative analysis showed that IMD gene transfer significantly increased capillary density in the ischemic hindlimb compared with rats injected with Ad.Null ( Fig.  2B ; 513.3 Ϯ 9.2 vs. 377.4 Ϯ 9.5 capillaries/mm 2 , n ϭ 8, P Ͻ 0.01). Arteriole density quantification also revealed a marked increase in arterioles by IMD gene transfer compared with control rats (Fig. 2C ; 235.5 Ϯ 7.2 vs. 119.4 Ϯ 6.0 arterioles/ mm 2 , n ϭ 8, P Ͻ 0.01).
IMD increases neovascularization in Matrigel plugs in mice.
To further investigate the angiogenic potential of IMD, we injected mice with Matrigel containing IMD or VEGF. Matrigel plugs were removed 1 wk after Matrigel implantation and stained with Masson's trichrome to visualize newly formed blood vessels (Fig. 3A) . We found a significant increase in the number of capillaries in animals that received IMD and VEGF versus those that received Matrigel only ( Fig. 3B ; IMD, 252 Ϯ 27, and VEGF, 268 Ϯ 20 vs. control, 152 Ϯ 25 capillaries/ mm 2 , n ϭ 6 -7, P Ͻ 0.01). Hemoglobin content was also increased in Matrigel plugs containing IMD and VEGF compared with Matrigel only (Fig. 3C ; IMD, 10.8 Ϯ 2.4, and VEGF, 5.9 Ϯ 1.0 vs. control, 1.4 Ϯ 0.3 g/dl, n ϭ 4, P Ͻ 0.05).
IMD increases HUVEC migration and tube formation. HUVEC migration was stimulated by scratch injury in the presence or absence of IMD or VEGF. Twenty-four hours later, the cells showed a significant migration in response to both IMD and VEGF compared with that of control cells (Fig. 4A) . Cell migration was also determined by the use of modified Boyden chambers, which indicated that IMD dose-dependently increased HUVEC migration (Fig. 4B) . However, inhibitors of ERK, PI3K, NOS, and VEGFR-2 all blocked the migratory effect of IMD (Fig. 4C) , denoting their involvement in mediating the actions of IMD on endothelial cell migration. Preincubation with anti-IMD antibody blocked the ability of IMD to induce HUVEC migration (Fig. 4D) . In addition, endothelial cell tube formation was evaluated by seeding HUVECs onto Matrigel-coated cell culture plates. After 24 h, tube formation was observed in cells stimulated with IMD (Fig. 5A) . Quantitation of tube length indicated that IMD increased tube formation by 50% compared with control, but the effect was abolished upon the inhibition of ERK, PI3K, NOS, and VEGFR-2 (Fig. 5B) . Representative images and quantitative analysis indicated that anti-IMD antibody blocked IMD-induced tube formation (Fig. 5, C and D) . [ 3 H]thymidine incorporation assay for the measurement of HUVEC proliferation showed that IMD had no effect on the proliferation of endothelial cells (data not shown).
IMD signaling pathways in HUVECs. Because of the role of ERK, PI3K, and NOS in IMD-induced endothelial cell migration, the signaling mechanisms of IMD on endothelial cells were elucidated by stimulating HUVECs with IMD at various doses and for various times. Western blot analysis showed that increasing concentrations of IMD elevated the phosphorylation of ERK and Akt after 5 min of incubation (Fig. 6A) . Moreover, IMD caused a peak stimulation of ERK phosphorylation around 5 min, whereas eNOS phosphorylation levels were highest around 30 min (Fig. 6B ). In addition, IMD increased nitrate/nitrite levels secreted in the culture medium (Fig. 6C ). These results demonstrate that IMD stimulates the activation/ phosphorylation of ERK, Akt, and eNOS and that these signaling molecules facilitate the effects of IMD on endothelial cell migration and tube formation. Since VEGFR-2 inhibition repressed the ability of IMD to promote endothelial cell mi- gration and tube formation, we investigated whether IMD induces VEGF synthesis. Indeed, IMD upregulated VEGF protein levels as well as the mRNA levels of VEGF and VEGFR-2 (Fig. 6, D-F) , indicating that IMD may also indirectly elicit its angiogenic effects through VEGF/VEGFR-2 signaling pathway.
DISCUSSION
In the current study, we demonstrate for the first time that IMD is a novel and potent angiogenic peptide. Human IMD gene transfer in the rat ischemic hindlimb caused a marked increase in capillary and arteriole density compared with the contralateral normoperfused limb, indicating that IMD is not only proangiogenic but augments arteriogenesis as well. This enhancement of neovascularization by IMD was accompanied by a complete restoration of blood flow. The implantation of Matrigel plugs containing IMD in mice underscored the ability of IMD to induce blood vessel growth. In support of our in vivo findings, IMD promoted the migration and tube formation of cultured endothelial cells. These results indicate that IMD enhances blood perfusion and neovascularization in limb ischemia and may, therefore, be a potential therapeutic agent for the treatment of peripheral vascular disease. It should be noted, however, that unchecked angiogenesis would be disastrous in patients with cancer. In order for IMD or any other angiogenic factor to be used in a clinical setting, the duration and location of protein expression (such as in the case of vector delivery) would need to be tightly monitored and regulated.
The PI3K-Akt-eNOS signaling cascade is the central pathway for the induction of angiogenesis in response to proangiogenic stimuli (5, 13, 14, 29) . ERK has also been shown to play a role in endothelial cell proliferation induced by VEGF, though in a manner independent of PI3K (31). Since angiogenesis appears to rely on both ERK activation and the PI3K-Akt-eNOS pathway, we evaluated the effects of IMD on these signaling molecules in cultured endothelial cells. IMD was able to upregulate Akt and eNOS phosphorylation and NO levels of endothelial cells in vitro. However, blockade of PI3K and eNOS abolished the migratory effect of IMD as well as the ability of IMD to promote tube formation. As with other angiogenic factors, this suggests that eNOS is critical in the stimulation of endothelial cell mobility by IMD. In addition, inhibition of ERK activity suppressed IMD-induced endothelial migration and tube formation. Kim et al. (15) observed similar results with AM and the PI3K-Akt and ERK signaling pathways in regard to endothelial cell migration and tube formation. However, Miyashita and coworkers (20) reported that AM promotes endothelial migration via PI3K but not NOS activation. However, this discrepancy may be due to their use of a tenfold lower concentration of L-NAME as well as a higher molar amount of AM compared with that used in our study for L-NAME and IMD. Nevertheless, these data collectively support the notion that IMD activates the PI3K-Akt-eNOS pathway and stimulates ERK signaling in endothelial cells.
Interestingly, IMD-induced endothelial cell migration was also blocked by the VEGFR-2 inhibitor. It is plausible that the blockade of VEGFR-2 prevents the cellular response of VEGF, which was upregulated by IMD. Indeed, the stimulation of eNOS phosphorylation and NO production by IMD may be responsible for the increase in VEGF expression, since it has been shown that the PI3K-NO pathway can promote VEGF synthesis in endothelial cells, vascular smooth muscle cells, and cardiomyocytes (6, 13, 17) . Thus the effects of IMD may be mediated in part by VEGF.
Our study indicates that IMD is a new angiogenic growth factor by promoting endothelial cell migration, tube formation, and neovascularization through ERK, PI3K-Akt-eNOS-NO, and VEGF signaling pathways (Fig. 7) . Endothelial progenitor cells (EPCs) have received much attention in recent years for their capacity in reendothelialization and vascular repair. These cells mobilize from the bone marrow to sites of tissue ischemia and differentiate into mature endothelial cells, thus contributing to neovascularization after vascular injury (27) . eNOSderived NO has been shown to serve as a physiological regulator of EPC mobilization (28) . It is also known that VEGF is able to stimulate the migration of EPCs to areas of blood vessel growth (1). Since IMD was able to increase VEGF and VEGFR-2 expression and NO formation, it could potentially enhance EPC recruitment. Interestingly, AM was reported to augment the angiogenic potency of transplanted bone marrowderived mononuclear cells (MNCs), which include EPCs, in a rat model of hindlimb ischemia (11) . Furthermore, it was demonstrated in vitro that AM promoted MNC adhesion to a HUVEC monolayer and increased the number of MNC-derived EPCs (11) . Because of the similar biological actions of AM and IMD, it is essential to further investigate the role of IMD in EPC mobilization and vascular repair in arterial diseases. 
